Specifically, large neuroterminal size was greater in aged compared to young adult animals, an effect that was mitigated or reversed by E 2 alone but not by E 2 + P 4 treatment. Overall glial size and the density and tissue fraction of the largest subset of glia were greater in aged monkeys, and in some cases reversed by E 2 treatment. Mitochondrial size was decreased by E 2 , but not E 2 + P 4 , only in aged macaques. These results contrast substantially with work in rodents, suggesting that the ME of aging macaques is less vulnerable to age-related disorganization, and that the effects of E 2 on monkeys' ME are age specific.
Introduction
Menopause is a natural transition occurring in all women at midlife, and is heralded by a decline in estradiol (E 2 ) and progesterone (P 4 ) production and the cessation of menstrual cycles. The menopausal transition is often accompanied by neurobiological symptoms such as vasomotor symptoms, sleep and mood disruptions and cognitive changes, presumably due to the relatively abrupt deprivation of ovarian E 2 and P 4 ; these can have a dra-matic impact on quality of life [1] [2] [3] [4] [5] . Hormone replacement therapies (HRT) with E 2 alone (in hysterectomized women) or in combination with P 4 (for women with a uterus) are used primarily to improve vasomotor symptoms, vaginal dryness and osteoporosis, and while not used specifically for other neurobiological symptoms, also exert actions on these latter endpoints [6, 7] .
Within the hypothalamus, the median eminence (ME) is a circumventricular structure that allows communication between the brain's ventricular system, neurons, glia and the portal vasculature leading to the anterior pituitary gland [8] [9] [10] [11] . In the ME, the hypophysiotropic neuroterminals that arise from nerve terminals of releasing and inhibiting hormones release their contents into the extracellular space which adjoins the portal capillary bed that vascularizes the adenohypophysis [9, [12] [13] [14] . Within the hypophysiotropic nerve terminals, peptide hormones are packed into large dense-core vesicles (LDCV), where they are available for release into the pericapillary region of the ME for release [15] [16] [17] [18] [19] . Tanycytes, specialized astrocytes in the ME, are particularly important to the regulation of the endocrine system because their motile processes wrap around the hypophysiotropic neuroterminals and guide them to the capillary, and tanycytic end-feet form part of the blood-brain barrier; therefore, they act as a 'gatekeeper' for hypothalamic hormonal release [10, 11, 18, [20] [21] [22] [23] [24] [25] [26] .
The role of the ME in reproductive aging is an important but understudied research area, particularly because of the high estrogen sensitivity of this region and the ability of E 2 to induce dynamic morphological changes to nerve terminals and glia [11, 19, [25] [26] [27] [28] . Previously, our laboratory reported striking changes in the morphological organization and cytoarchitecture of the ME of aging rats, but little effect of short-term E 2 treatment [16, 17] . In monkeys, age-and E 2 -related changes were found in the expression of genes encoding for kisspeptin, neurokinin B and prodynorphin (KISS1 , NKB and PDYN) in a dissection containing the combined arcuate nucleus plus ME [28] . Recently, we demonstrated that GnRH nerve terminals in the ME of aging monkeys coexpress the membrane estrogen receptor G protein-coupled estrogen receptor (GPER) and form close appositions with GPERpositive processes, but we found little evidence for effects of age or long-term E 2 (with or without P 4 ) treatment [29] . Given this relative dearth of information on the aging ME in monkeys, and in light of known differences in reproductive senescence between rats and nonhuman primates [30] [31] [32] [33] , we took advantage of the availability of a recently developed new electron microscopic technique to examine the ultrastructure and cytoarchitectural properties of the ME, as well as the relationship between glia and neuroterminals, in young and aged female rhesus macaques given a clinically relevant model of HRT.
Methods

Animals
Female monkeys (Macaca mulatta) that were young premenopausal (n = 18; 9.8 ± 2.2 years) or aged peri-or postmenopausal adults (n = 18; 22.7 ± 1.6 years) were used in this study. Reproductive status was determined by daily visual inspection of vaginal bleeding, and animals with cycle lengths between 24 and 34 days were included in the premenopausal group [34, 35] . Housing and experimental conditions at the California National Primate Research Center were described previously [36] [37] [38] [39] [40] . All procedures were in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee at the University of California.
Ovariectomy and Hormone Treatment
The monkeys were ovariectomized (OVX) as described previously [36] [37] [38] [39] [40] [41] using isoflurane anesthesia and atropine (0.4 mg/kg) and ketamine (10 mg/kg) sedatives. After 2-3 months of recovery, the young (Y) and aged (A) animals were assigned to one of three groups: E 2 (YE, AE), E 2 + P 4 (YEP, AEP) or blank vehicle (YV, AV) treatment. To achieve a mean serum level of ∼ 150 pg/ml, Silastic capsules (0.46 cm inner diameter and 3 cm long) either containing crystalline E 2 (Sigma) or empty (for the vehicle group) were implanted between the shoulder blades and replaced every 3 months. To mimic luteal-phase P 4 levels, the YEP and AEP groups received micronized P 4 (100 mg; Catalent Pharm Solutions) in their daily fruit treat for 10 consecutive days once per month. Serum concentrations and assay characteristics of E 2 were previously reported for this cohort of young [42] and aged monkeys [43] . For the young YV, YE and YEP groups at perfusion, the serum E 2 concentrations (mean ± SEM, in pg/ml) were 2.0 ± 2.2, 109 ± 15 and 118 ± 13, respectively. For the aged AV, AE and AEP groups at perfusion, the concentrations of E 2 (in pg/ml) were 14.9 ± 2.3, 152 ± 41 and 148 ± 17, respectively, confirming that the targeted E 2 concentrations were achieved. Six to 8 animals were originally included in these groups, but there was attrition due to illness, death or incomplete ovariectomy, determined by hormone analysis at the time of euthanasia. Additionally, due to the fragility of the tissue and loss during the cryopreparation process, the final group numbers for electron microscopy (EM) were: YV, n = 4; YE, n = 5; YEP, n = 4; AV, n = 4; AE, n = 4, and AEP, n = 4. As described previously [43, 44] , the monkeys were euthanized 8-10 days after the last P 4 treatment, or the corresponding day for the 'no P 4 ' groups, after an average of 2 years of hormone treatment.
Euthanasia and Tissue Preparation
The animals were deeply anesthetized with pentobarbital (20-35 mg/kg) and ketamine (25 mg/kg) and were transcardially perfused with ice-cold paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), using 1% PFA for 1 min and increasing the concentra-652 tion to 4% PFA for 12 min, with the flow rate set to 185 ml/min. The brain was removed and the hypothalamus was postfixed in 0.125% glutaraldehyde and 4% PFA for 6 h, then shipped, on ice, to the University of Texas at Austin in PB.
Using a vibrating microtome (Leica VT1000 S; Leica, Bannockburn, Ill., USA), we collected 10-25 coronal sections at 100 μm, through the entire ME region, when present. The sections were cryoprotected via immersion in a series of increasing concentrations of glycerol in 0.1 M PB: 10% for 1 h, 20% for 1 h, and 30% twice for 1 h and then overnight, all with constant agitation. Eight of these sections, in a rostral-to-caudal series, were selected for EM analysis. The dorsal-most portion of the ME was dissected and embedded in a Lowicryl resin block using a cryofixation system (Leica CPC; Leica, Vienna, Austria) with an automatic freeze substitution unit (AFS; Leica AFS; Leica, Vienna) as previously described [ 36, 39, 45, 46 and modified from [47] [48] [49] . Briefly, each 100-μm block was mounted on the head of a pin and rapidly plunged into liquid propane that was cooled to -190 ° C. The specimens were rapidly transferred to the AFS apparatus, which was precooled to -90 ° C for Lowicryl freeze substitution. The tissue was immersed in 1.5% uranyl acetate in anhydrous methanol for 24 h, the temperature was increased by 4 ° C every hour to -45 ° C; then the tissue was rinsed in anhydrous methanol and infiltrated with Lowicryl resin HM20 (Electron Microscopy Sciences, Fort Washington, Pa., USA) with a 4-step series of increasing concentrations of resin to methanol (doubled each time; 1 h each) and then in 100% Lowicryl for 12 h. The resin was polymerized by ultraviolet light (360 nm) for 48 h at -45 ° C and then 24 h at room temperature, and the resulting blocks were prepared for ultrathin sectioning. The remaining 100-μm ME sections were retained for immunofluorescence analysis [29] .
We collected sections for EM imaging using an ultramicrotome (Leica EM UC6; Leica, Vienna), positioned on a floating table and surrounded by a Plexiglas enclosure. The block face was trimmed to expose the ME sample with a glass knife, and we collected 400-nm semithin sections for identification of the boundary between the portal capillary bed and the dorsolateral portion of the ME block. The semithin sections were mounted on glass slides, dried on a hotplate for 10 min at 100 ° C, stained with 2% toluidine blue and examined with a bench-top transmitted light microscope (Leica DMLB upright microscope; Leica, Germany). After determining where to start cutting ultrathin sections, 5-10 consecutive 70-nm sections were cut with a 45-degree Ultra Diamond Knife (Diatome, Hatfield, Pa., USA), collected on separate formvar-coated gold slot grids (Electron Microscopy Sciences). A flow chart of the tissue processing and imaging is shown in figure 1 .
Transmission Scanning Electron Microscopy
The images of the ultrathin sections were captured using transmission scanning electron microscopy (tSEM), a newly developed system that consists of a field-emission scanning electron microscope (Zeiss Supra 40VP FE-SEM) fitted with a retractable transmitted-electron detector, a 12-grid specimen holder and integrated with the Zeiss ATLAS TM [50, 51] . Unlike conventional transmission electron microscopes, this system uses low electron doses that reduce physical and optical distortion and leaves the specimen intact for analysis. Additionally, the 12-grid specimen holder and semiautomated ATLAS TM system dramatically reduced the time and labor involved in image collection. We took multiple largefield, high-resolution images along the basal lamina that separates neural tissue from the portal capillary bed of each animal [16] (field size = 25,000 × 25,000 pixels at 2 nm 2 pixel size), which al- The sample preparation is illustrated. The dissected ME is shown embedded in Lowicryl resin, next to a formvar-coated gold slot grid and with a pen in the background for perspective ( a ). A representative section ( b ) was immunolabeled with GnRH (black cells and fibers) to visualize the area of the ME located in close proximity to the portal vasculature, shown to illustrate the region that was selected for the embedding procedure. An area corresponding to the inset ( c ′ ) corresponds to the region shown at greater magnification in panel c . This region was dissected, prepared and mounted in a Lowicryl block, and ultrathin sections were collected near 10 capillaries along the basal lamina. The area labeled d ′ in panel c is shown at higher magnification in d , which is a wide-field tSEM image. Within this region, 5-μm 2 subregions were segmented into the cellular components ( e , f ) used for subsequent analyses.
lowed us to collect all of our sample sites from an individual monkey in a single imaging session. We then randomly selected 9-10 sites abutting capillaries on the distal edge of the ME (10,000 × 10,000 nm) for analysis. When we could not find enough sites in a single section, we imaged a second section that was at least 500 nm apart from the previous site to prevent resampling the same region. Within each of these 9-10 sites, we chose a 5,000 × 5,000 nm field that contained at least one neuroterminal with LDCV for further analysis. All sampling sites were separated by a minimum of 5,000 nm to prevent resampling the same structures.
tSEM Image Analysis
An analysis was performed to quantify the size, density and ME tissue fraction of nerve terminals, glia, mitochondria and the extracellular space within 5 μm of a capillary for each monkey. We also determined the percentages of glia and neuroterminals in contact with the capillary. We used TrakEM2, a plugin for Fiji, which is freely available NIH-sponsored image analysis software, for manual image segmentation [52] . The membrane boundaries of all identifiable neuroterminals, glia, mitochondria and basal laminae were traced and filled in with a unique color representing the class of the object (red, green, blue and magenta, respectively) on 9-10 capillary sites in 1-2 sections. Neuroterminals were distinguished from glia by the presence of LDCV, small clear vesicles and/or neurofilaments, and mitochondria were identified by their cristae [53] .
In an attempt to isolate the physiologically relevant components, we separated the cellular components into three size-based categories: the smallest category (0.01-0.2 μm 2 ) contained only cross sections of cellular processes (0.01 μm is the mean cross-sectional area of mitochondria and the lower limit of our ability for identification), the medium category (0.2-1.0 μm 2 ) contained some lengthwise cross sections of cellular processes and some smaller neuroterminals and end-feet of glia, and the largest category (>1.0 μm 2 ) contained only secretory neuroterminals and globular end-feet of glia.
To determine the area, density and class of the segmented components, a second set of images was produced, identical to the first, but with the mitochondria removed. A custom Matlab program (R2013b; Mathworks) was designed to analyze the differences between the image pairs, as follows ( fig. 1 ): for each image pair, a binary (black or white) image, or mask, was created for each type of region by color comparison against the first image in the pair. This mask was composed of several connected components, each representing a single cross section. We used connected-component analysis to extract information about the number of components and the number of pixels that are contained in each. Similarly, we found a mask for mitochondria in the second image by searching for blue pixels. By taking the pixel-wise 'AND' operation between the mask corresponding to terminals or glia, and the one corresponding to mitochondria, we were able to determine the cell type to which each mitochondrion corresponded, as well as the size and count for these organelles. The software compiled the information in these images into object count, average object size and the fraction of noncapillary pixels occupied by terminals, glia and mitochondria and also categorized each mitochondrion as belonging to a terminal or glia. We also used custom software written in Python (version 3.4.3; www.python.org) to quantify the relative length of glia and neuroterminal contacts with capillaries for each animal. The program measures the length by computing a binary 'mask' for each image, representing the capillary, glia and neuroterminal bodies. The capillary mask was dilated by 50 nm. The intersection of this new mask with the masks of the glia and neuroterminals was then taken. Where such an intersection existed, its skeleton was computed, and then measured for length. The skeletonization algorithm we used is available as part of the popular open source scikit-image library. This code is available at https:// github.com/larrylindsey/NaugleEtAl2015/tree/Neuroendocrinology.
Immunofluorescence and Confocal Microscopy of GnRH
Immunofluorescence and confocal microscopy were used to analyze the density of GnRH-positive neuroterminals in the monkey ME, as described previously [54] . We had published a colocalization analysis of double-labeling of GnRH and GPER signaling in GnRH cell bodies and terminals [29] on tissues collected from the same cohort of monkeys. The confocal results of the GnRH signals in the ME were not previously published, so we used that available data set to estimate the density of GnRH terminals in the external zone of the ME from one to two 100-μm sections per monkey. Immunohistochemistry (IHC) of GnRH was described by Naugle and Gore [29] , using the mouse monoclonal anti-GnRH primary antibody (HU11b, diluted to 1: 1,000; a gift from Dr. Henryk Urbanski [55] ) followed by incubation in the secondary antibody [Alexa Fluor 594-conjugated goat anti-mouse IgG (diluted 1: 400; Life Technologies, Eugene, Oreg., USA)]. We also note that we attempted to perform direct IHC of GnRH in the samples prepared for tSEM but were unable to obtain successful specific labeling, presumably due to loss of antigenicity in the samples during tissue preparation, since the IHC method worked in other tissue types.
To determine the density of GnRH immunofluorescent neuroterminals in the ME, we examined the external zone of the ME sections for each animal. From the surface of each tissue section, a stack of 10 images (at 6.6 μm thickness) was captured using a Zeiss LSM 710 confocal microscope, Zen Black software (Carl Zeiss International, version date: 2012) with a Plan-Apochromat 40×/1.4 Oil DIC M27 objective. The laser power, gain and offset were set such that there was no signal visible in the negative control section. To decrease the background and prevent signal bleedthrough, we took the average of 2 scans for each line in the image. We used an excitation wavelength of 561 nm (detection range: 566-689 nm). Immunofluorescent signals were observed as strings of punctate labels more concentrated in the external zone of the ME.
Confocal Image Analysis
For stereologic quantification, a physical disector method [54] was used to quantify the density of GnRH puncta in a 106 × 106 × 6.6 μm volume in the external zone of the ME. This method compares objects in 2 images, and counts only the objects that were observable in the first section (reference section) but not in the adjacent section to avoid double counts. Five pairs of images from each animal were processed using the NIH imaging software Image J 2.0.0-rc-32/1.49v (http://fiji.sc/Fiji). In each pair of images, the reference image and the adjacent image were 0.66 μm apart. The images were thresholded and binarized to highlight GnRH puncta. The number of terminals in each image was quantified using the 'analyze particles' command. Using the Z Project function, particles representing the puncta that appeared in both reference and adjacent images were separated by threshold. Puncta detected as particles from the project image were then quantified. The density of GnRH puncta was estimated as: (number of particles in reference image -number of particles in project image)/volume. It should be noted that fluorescence signals might decrease from the surface into the tissue depth; therefore it is possible that using a reference image close to the surface could lead to an overestimate of density. To adjust for this, we used the average density calculated from both directions in a pair of images.
Statistical Analysis
We used R for all statistical analysis (R Development Core Team, 2012). Our data set failed the assumptions required for ANOVA, as determined by Levene's equality of variance and the Shapiro-Wilk normality test; therefore we used the Kruskal-Wallis nonparametric test to determine significant main effects of age, treatment or interactions (p < 0.05), followed by the pairwise Wilcoxon rank-sum post hoc test when indicated by a significant main effect. Figure 2 shows a tSEM image of a representative AV monkey, illustrating the segmentation process and identification of intracellular components. The pericapillary region of the ME contained many neuroterminals that included LDCV as well as small clear vesicles and mitochondria, and these terminals were in close apposition with glia, as shown in representative images from 4 animals in each group ( fig. 3 ).
Results
Ultrastructure of the ME
Age and Hormone Effects on Neuroterminals
Effects of age and hormone treatment were analyzed for neuroterminal size, density and the tissue fraction (%) in large (>1.0 μm 2 ), medium (0.2-1.0 μm 2 ) and small (0.01-0.2 μm 2 ) nerve terminals in the ME, as well as for all neuroterminals combined. The size of large terminals in aged animals was significantly greater than in the young monkeys (p < 0.01), and there was an interaction of age and treatment such that E 2 treatment mitigated this age-related increase in the aged group ( fig. 4 ). There were no age, treatment or interaction effects on these features in medium or small terminals, and no effect when all terminals were combined. Neuroterminal density showed no significant age, treatment or interaction effects in any size category. For tissue fraction, there was a significant effect of treatment (p < 0.05) on the percent of tissue occupied by large neuroterminals, with E 2 treatment decreasing the tissue fraction in both age groups ( fig. 4 ) . The distribution pattern of neuroterminal size is shown in figure 5 a.
Age and Hormone Effects on Glia
A significant difference was found in the size of all glia, which were greater in the aged than the young animals (p < 0.05; fig. 6 ). When subdivided into large, medium or small glia, no significant effects were detected in any of the subcategories. The density of large glia was significantly greater in aged than in young monkeys (p < 0.05), and there was no effect of age or treatment on the density of all, medium or small glia. For tissue fraction, there were significant age effects and an interaction of age with hormone on the percentage of tissue containing large glia (p < 0.05 for both). Post hoc analysis revealed that a greater tissue fraction was covered by large glia in the AV group compared to both the AE and the YV groups ( fig. 6 ). The distribution pattern of glial size is shown in figure 5 b.
Hormone Treatments Affect Mitochondrial Size in Terminals and Glia
There was a main treatment effect, and a significant age-by-treatment effect, on the size of all mitochondria (p < 0.05; fig. 7 ), driven by the AE monkeys having smaller-sized mitochondria as compared to the AV and AEP monkeys (p < 0.05 for both). Within neuroterminals, a significant treatment effect (p < 0.05) and an interaction of age and treatment (p < 0.05) were found for mitochondrial size, with the AE monkeys again having smaller mitochondria than the AV monkeys. In the glia, mitochondrial size was affected by treatment, and age-bytreatment interactions were also found, due to the AE monkeys having smaller glial mitochondria than the AV and AEP groups (p < 0.05 for both). There were no effects of age, treatment or interactions on mitochondrial density or on the tissue fraction of mitochondria ( fig. 7 ) . The distribution pattern of mitochondrial size is shown in figure 8 . Representative micrographs of the ultrastructural organization of the ME are shown for 4 monkeys from each of the 6 groups. The red areas are neuroterminals, green is glia, blue are mitochondria, and magenta is the portal capillary bed, the last one always positioned at the lower/right-hand sides of the images. The relative intensity of the color corresponds to the size class to which each object is assigned, with larger objects more brightly colored and smaller objects more darkly colored. Scale bar (shown in lower right panel and applicable to all panels) = 400 nm.
Hormone Treatments Do Not Affect GnRH Immunofluorescence Density in Aged Animals
The density of GnRH-immunoreactive puncta as analyzed by confocal microscopy in the external ME ( fig. 9 ) was not significantly affected by age or treatment, although there was a trend for a treatment effect (p = 0.097) attributable to the E 2 + P 4 groups having a nonsignificantly higher density compared to the vehicle or the E 2 -alone group. No interactions of age or treatment were detected.
Capillary Contacts with Terminals and Glia, and Extracellular Space, Are Not Affected by Age or Treatment
Effects of age and hormone treatment were analyzed for the interface of the capillaries with glial and terminal components ( fig. 10 ) . In all groups, about 40-60% of the capillary was in contact with glia and 12-24% was in contact with terminals. There were no significant differences between age or treatment groups. About 15-30% of the Neuroterminal size ( a-d ), density (number of cells/μm 2 ; e-h ) and area fraction (percentage of tissue represented by each terminal type; i-l ) are shown for large ( a , e , i ), medium ( b , f , j ), small ( c , g , k ) and all ( d , h , l ) terminals (mean ± SEM). There were significant effects of age on the average size of the large terminals, and an age-by-treatment interaction ( a ; p < 0.01; * p < 0.05 AV vs. AE and AV vs. YV; a p < 0.05 YE vs. AE). A treatment effect and an age-by-treatment interaction were found for the percentage of tissue, driven by E 2 monkeys of both ages having a smaller tissue fraction compared to age-matched vehicle counterparts ( i ; b p < 0.05 YV vs. YE and AV vs. AE). Trt = Treatment. ME was represented by extracellular space (data not shown). There were no significant effects of age, treatment or interactions on the percentage of extracellular space, although there was a trend for an age effect, with a higher percentage of extracellular space in young than in aged animals (p = 0.09).
Discussion
In the current study, we used tSEM to perform both qualitative and quantitative assessments of ultrastructural properties of the pericapillary region of the ME of female rhesus monkeys in a model of menopause. This provides an important methodological advance over previous EM methodologies due to decreased image and tissue distortion and rapid capture of high-resolution largefield images [50, 51] . We also used immunofluorescence and confocal microscopy to quantify the density of GnRH puncta in the same region. We applied these methods to address the question of how age and long-term hormone deprivation or replacement affected these characteristics in a nonhuman primate.
Because the morphological plasticity of the ME is critical for normal functioning of the neuroendocrine systems, we focused our analyses on ultrastructural properties of neurosecretory terminals and glia [11, 14, 25, 26] . Wholesale cytoarchitectural changes were not observed in our study, but this is not surprising based on evidence that the aging brain often undergoes subtle but functionally relevant phenotypic changes. For example, effects of age and/or hormone treatment were assessed in female rhesus monkeys for their effects on cognitive function, and these animals' brains were utilized for morphometric analyses of the prefrontal cortex and hippocampus. When comparing young ( ∼ 10 years) and aged ( ∼ 30 years) intact female monkeys regarding performance on the delayed non-matching-to-sample test of visual recognition memory, there was an age-related deficit in memory, together with a decrease in density of GluA2 labels (immunogold particles), in the dentate gyrus's outer-molecular-layer dendritic spines [56] . Other morphometric endpoints such as dendritic spines, perforated synapse spines and postsynaptic density were unaffected by age, underscoring the specificity of age-related changes to a subset of measures, and their relationship to a behavioral outcome. Another study utilized young intact monkeys ( ∼ 10 years) and aged OVX monkeys ( ∼ 22 years) given injections of vehicle or E 2 -cypionate every 3 weeks for 2-3 years [39] . The aged OVX monkeys performed worse on the work- ing memory tasks and had changes in the subset of donutshaped mitochondria, both of which were reversed in the E 2 group.
In the current study on the ME, our major results were that the pool of large neuroterminals underwent an agerelated increase in size, an effect that was reversed in the E 2 group. In both age groups, the tissue fraction represented by these largest nerve terminals was also decreased in the E 2 compared to the vehicle groups, but not in the E 2 + P 4 groups, suggesting that P 4 reversed the effect of E 2 . Regarding glia, again it was the pool of largest glia that was affected, as the density and tissue fraction of large glia were higher in the aged monkeys and the tissue fraction was decreased in the aging monkeys by E 2 treatment. Finally, while there were no age effects on properties of mitochondria, E 2 decreased mitochondrial size only in aged monkeys. It is interesting that, in general, the directionality of change was an age-related increase in size, density 
There was a significant effect of age on the average size of all glia and on the density of large glia (p < 0.05 for both; aged > young). The large glial tissue fraction was greater in aged than young monkeys (p < 0.05), and a significant interaction effect was found that was driven by the AV monkeys having higher levels than both the YV and AE monkeys ( i ; * p < 0.05 for both).
and/or tissue fraction, and that E 2 reversed some of these effects, mainly in the aged monkeys. Together these results suggest that specific aspects of the ultrastructure of the ME change with age in primates, and that long-term HRT can mitigate some of these changes.
Ultrastructure of the ME
The ME is organized into an internal zone, which surrounds the base of the third ventricle and the cell body of tanycytes, and an external zone, which contains a high density of glial support cells such as astrocytes, microglia , d , g ), glia ( b , e , h ) and both combined ( c , f , i ; mean ± SEM). There were significant effects of treatment on the size of mitochondria in nerve terminals ( a ), in glia ( b ) and in both combined ( c ; * p < 0.05 for all). This was driven by the E 2 groups having smaller mitochondrial sizes than the vehicle groups, with AE < AV for all categories, and AE < AEP for all mitochondria and glial mitochondria. For glial mitochondria, the age-by-treatment analysis revealed a trend for AV > YV (p = 0.07). Mitochondrial density and tissue fraction were unaffected by age or treatment. Trt = Treatment.
and tanycyte projections [14, 24, 57] . Tanycytes are particularly important to the regulation of the endocrine system, because their end-feet act as the gatekeeper to the portal capillary system by blocking or permitting vesicle release under different physiological conditions [18, 20, 21] . Therefore, for our analyses, we sampled and analyzed areas that included one or more neuroterminal possessing LDCV, often containing small clear vesicles and mitochondria and in close apposition to glia [58, 59] . We found that the general organization of the rhesus ME is qualitatively different from that of the rodent in both young and aged adults. In our monkeys, the basal lamina was very convoluted in both young and aged adults, and we did not notice any obvious age-or hormone-related differences. By contrast, the ME of young rats is much more highly organized, with little convolution of the basal lamina [16, 17, 60] . Additionally, the linear organization of tanycytic projections from the third ventricle to the capillary bed seen in rodents [16, 17, 24] was not obvious in monkeys of either age.
Age and Hormone Effects on Neuroterminals and Glia
We observed a significant increase in the size of large neuroterminals near the capillaries of our aged animals. With respect to hypothalamic-pituitary-gonadal regulation, in monkeys and humans, GnRH release increases with age, and the increased terminal sizes observed by us may accommodate larger numbers of LDCV that are waiting to be released, consistent with increased GnRH/ gonadotropin release [30, 61, 62] . However, our current tSEM analyses are not specific to GnRH terminals, as we have been unable to date to successfully optimize the use of a GnRH monoclonal antibody in our monkey tissues. To address this, we used data available on GnRH immu- nofluorescence in the ME of the same pool of monkeys [29] and found no effects of age or treatment, although there was a trend for the E 2 + P 4 monkeys to have a higher density of GnRH puncta. It is generally thought that GnRH peptide contents in the pericapillary region do not change with age in rodents [16, 63, 64] , similar to our finding in these monkeys. However, another study from our laboratory found that there was an increase in GnRH immunoreactivity in the external zone of the ME in naturally aging, intact rats [65] , as compared to no changes in OVX aging rats [16] , with differences potentially attributable to ovariectomy status and/or the differing hormonal milieus. Future cytoarchitectural studies on GnRH terminals in the ME will add important insights into the nature and specificity of age-and hormone-regulated changes.
Effects of hormones were also noted in our study. The size of large neuroterminals in aged vehicle-treated monkeys was greater than in aged E 2 -treated monkeys, and to a lesser extent in the E 2 + P 4 group, which may indicate that the absence of hormones disrupted release mechanisms and/or the motility of the terminals, or that hormone treatment partially reversed effects of aging. When comparing the patterns in the distribution of terminal sizes between the different groups, we noticed that the vehicle and E 2 + P 4 groups had similar distribution patterns at both ages, and the E 2 groups were more similar to each other than to the other treatment groups within an age category. This may mean that the effects of E 2 are stronger than those of age on terminal size, but this is a purely qualitative observation that requires further experimentation to confirm.
Although there is a well-established morphological interaction between tanycytes and neuroterminals that is very dynamic in the pericapillary region of the ME, especially in response to hormones, there is a dearth of knowledge about age-related changes in the morphology of tanycytes [16, 17, 23, 24, 59, 60] . We found a significant agerelated increase in the size of all glia, along with an age-related increase in the density and tissue fraction of large glia. E 2 treatment reversed the age-related increase in glial tissue fraction. In fact, the effects of age and hormones on large glial tissue fraction were particularly interesting, as the aged vehicle-treated monkeys had significantly higher levels than the aged E 2 -treated and the young vehicle-treated monkeys, and suggesting that effects of age were mitigated by hormone treatment. It is well established that glia, including tanycytes, express a variety of estrogen receptors, and cultured rodent tanycytes have been shown to rapidly retract their processes when exposed to E 2 [19, 26, 27, 66, 67] . The neural-glial interactions, and hormone regulation, involve a number of factors including semaphorin 3A signaling via neuropilin 1 [25] , semaphorin 7A and its receptors plexin C1 and Itgb1 [26] , and other neurotropic factors and neurotransmitters. In the current monkey study, the increased size and percentage of tissue occupied by glia observed in the aged relative to the young vehicle-treated The density of GnRH-immunoreactive puncta in the external ME was determined by immunofluorescence and confocal microscopy. GnRH density was not significantly affected by age, treatment or their interactions, although there was a trend (p = 0.097) for a treatment effect attributable to the E 2 + P 4 groups having nonsignificantly higher density than the vehicle or E 2 -alone groups. animals may be due to the combination of aging and a lack of the E 2 -triggered withdrawal signal, or a compensatory mechanism for the absence of E 2 .
Age and Hormone Effects on Mitochondria in the ME
To our knowledge, this is the first study to demonstrate a change in the size of mitochondria in the ME with E 2 treatment, with a decrease occurring in AE compared to AV monkeys, but no differences in the young monkeys. P 4 also reversed the effects of E 2 on mitochondrial size. In comparing these results to rodents, no age-or hormonerelated alterations in mitochondrial size were found in GnRH terminals or perikarya of rats [16, 58] . However, it is important to note that beyond the differences in species, our work in rats was limited to a single cell type (GnRH terminals), whereas our monkey work did not differentiate between neuroterminal phenotypes at the EM level. In additional to their critical role in the synthesis of E 2 and other steroid hormones, hypothalamic mitochondria express estrogen receptors, and therefore are directly responsive to E 2 [68] [69] [70] . The size and number of mitochondria correlate with the local energy demands, and degenerating mitochondria swell before decomposing [71] . Therefore, differences in mitochondrial size or numbers may represent altered cellular metabolism and/or dysfunction.
Other studies suggest that mitochondria are important targets for age and/or hormone regulation. Hara et al. [39] reported that while there were no changes in the density or size of mitochondria in the dorsolateral prefrontal cortex, there were morphological differences that correlated with behavioral outcomes. Specifically, presynaptic donut-shaped mitochondria were in a much higher percentage of boutons in the aged OVX animals relative to the young intact monkeys; this effect with aging was reversed by cyclic E 2 treatment [16, 58] . There is evidence that changes in mitochondrial structural and functional properties may underlie part of the brain's increased vulnerability to oxidative stress and other insults, and that E 2 is protective against these changes [72] [73] [74] . Thus, mitochondria are important targets for future work, and region-specific differences in their properties may contribute to the differential vulnerability of brain nuclei to age-related perturbations and the ability of E 2 to be neuroprotective.
Implications, Clinical Relevance and Future Directions
Because the ME is the common site of convergence of all hypothalamic releasing and inhibiting hormones, morphological changes could affect a broad range of neuroendocrine functions such as reproduction, stress, growth and metabolism. The endpoints in the ME that were most affected by aging were the largest subsets of neuroterminals and glia, all increased in aged compared to young adult monkeys. There were more effects of hormones and their interactions with age, since E 2 decreased the terminal size and tissue fraction, glial tissue fraction and mitochondrial size in aged monkeys, effects that were -with only two exceptions (the tissue fraction of large neuroterminals and mitochondrial size in nerve terminals) -not seen in the young monkeys. While we did not observe gross morphological differences in any of the measured endpoints, these specific age and hormone changes may have functional implications. In addition, in comparison to other brain regions, it appears that the phenotype of the monkey ME and other hypothalamic regions is relatively resilient, making this a region of interest for comparison of brain regions that are more vulnerable to age-related changes.
Our monkey model has both strengths and limitations. Because our monkeys were OVX, they best approximate the human condition of surgical menopause. The fact that the ages of our animals roughly corresponded to young adult and middle-aged adult women is potentially useful for differentiating how age at oophorectomy affects neurobiological outcomes. We also find it interesting that more effects of E 2 treatment on properties of the ME were observed in aged monkeys, and that the directionality of effects was often to make the aged more like the young monkeys. Other clinical relevance comes from the conservation of menstrual cycle properties and the menopausal process itself in female rhesus macaques and women. While the functional importance of cytoarchitectural changes in the ME with age and hormones is not understood, a better understanding of how specific regions of the brain age, and effects of translationally relevant HRT, is needed for the development of hormone treatments that may be targeted to neurological changes during menopause.
